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Abstract The paper presents the test results of the effect of
modified graphene and multi-wall carbon nanotubes on the
thermal and mechanical properties and flammability of
acrylic rubber and styrene-butadiene rubber. The rubbers
were cross-linked with the use of organic peroxide. Based
on the test results obtained by optic and AFM methods, a
relationship between the surface morphology of the
nanocomposites obtained was presented. By means of
thermal analysis methods (TG, DTG, DTA) and a micro-
calorimeter, it has been found that the nanofillers used
considerably increase the thermal stability and decrease
flammability of the nanocomposites. The mechanical
properties of the elastomeric materials obtained depend on
the type and content of nanofiller.
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Introduction
Recent years have witnessed a great interest in polymeric
materials with special properties, resistance to the action of
considerably lowered or increased temperature, flame
retardance and showing appropriate mechanical strength. It
is the flammability of polymers that is of paramount
importance, which results first of all from health and life
protection as well as economic reasons [1, 2].
Various methods can be used to protect polymeric
materials from fire. It can be cited the graft polymerization
consisting in inserting into the polymeric backbone flame-
retardant monomers or more simply the blending of the
matrix with a polymer exhibiting higher thermal resistance
properties. The most commonly used approach to making
thermally stable or low-flammable materials is the incor-
poration in the polymer of flame-retardant particles dis-
persed in the matrix. This method is generally preferred to
the others because it is easily compatible with industrial
processes and because it offers a good compromise
between economical considerations, mechanical, thermal
and fire properties.
During the last few decades, a new class of polymeric
composites has been extensively investigated using fillers
in nanometer size range, preferably less than 100 nm. The
advantage of nanofillers is that they are miscible with the
polymer matrix exploiting unique synergism between the
combined materials. These polymer/nanoparticles mixtures
are referred to as nanocomposites [3].
Polymer nanocomposites may contain different nano-
fillers that strongly influence on their flammability. For
example, polymer nanocomposites with organically modi-
fied layered silicates constitute important group of nano-
materials. They show improved physical properties at low
filler content and are not overly complicated to produce.
In the recent time, importance has been given to carbon-
based nanofillers, such as graphite nanoplatelets, carbon
nanotubes and graphenes (graphene oxide, reduced gra-
phene oxide and modified graphene).
Carbon nanotubes are divided into single-wall carbon
nanotubes (SWCNTs), multi-wall carbon nanotubes
(MWCNTs) and double-wall carbon nanotubes that now
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are of rather marginal importance. Most of SWCNTs have
a diameter of about 1 nm and a length of at least 1000
times exceeding their diameter. The extraordinary physical
properties of nanotubes result from their exceptionally high
shape coefficient that directly influences both the force at
break and Young modulus values. For SWCNTs, the value
of breaking force ranges from 37 to 100 GPa, while the
value of Young modulus from 640 GPa to 2 TPa. For
example, the value of steel breaking force and Young
modulus ranges from 200 to 400 GPa and from 10 to
20 GPa, respectively [4, 5].
Equally good as those of carbon nanotubes are
mechanical parameters of graphene. Graphene is a two-
dimensional allotropic variety of carbon, in which each
carbon atom is connected with the next bond with
hybridization sp2 having a length of 0.141 nm. Its close-
packed carbon atoms form a honeycomb crystallographic
structure. The thickness of 2D graphene layer ranges at the
average from 1 to 1.6 nm [6, 7].
Owing to its excellent electric properties, graphene more
and more frequently displaces metallic conductors in
electrical equipment. It is assumed that soon it will replace
fragile and chemically unstable tin and indium oxides used
in the production of touch screens [8–11].
Graphene as 2D carbon nanofiller with a large specific
surface and excellent electric, thermal and mechanical
properties is also more and more often used to prepare
polymeric nanocomposites [12–14].
However, the preparation of homogeneous polymer–
graphene composites gives rise to many difficulties. Firstly,
the commercial production of polymeric nanocomposites
requires a great amount of nanofiller, and secondly a pure
graphene is difficult to disperse in polymeric matrix [15–17].
Graphene layers, on account of their large specific sur-
face, show a tendency to aggregate and agglomerate, and
even to the recreation of graphite by the interactions of p
electrons and Van der Waals forces, especially if particular
graphene layers are not remote enough from themselves in
the polymeric matrix [6, 18].
Nowadays, graphene is obtained by the micro-mechan-
ical tearing of graphite, chemical vapor deposition (CVD),
arc discharge and epitaxial increase on electrically insu-
lated surfaces such as SiC, development of carbon nan-
otubes and reduction of graphite oxide [19–22]. From
among the above-mentioned methods, the latter allows one
to produce graphene in commercial amounts.
An increase in the graphene compatibility in relation to
a polymeric matrix can be obtained by its chemical
modification.
On account of its aromatic nature, graphene is charac-
terized by a high electronic density, both over and under
plane, which causes that the molecular orbitals of organic
molecules easily react with the p electrons of graphene.
This in turn causes that its modification can proceed by
electrophile substitution (privileged reactions) as well as by
nucleophilic substitution [6].
The method of functionalization of graphene, used on an
industrial scale, consists of aminated graphene oxide. The
reaction proceeding according to the mechanism of
nucleophilic substitution proceeds quickly and with a high
yield even at room temperature (Scheme 1) [6, 17].
The presence of hydrophilic or hydrophobic functional
groups added to the surface of graphene protects it against
aggregation in polymeric matrix through creating strong
polar interactions as well as steric hindrance.
In recent years, there have been many published reports
describing the physical properties of polymeric composites
containing carbon nanofillers [23–30]. There is still a lack
of systematic studies presenting the impact of this kind of
fillers on the thermal properties and flammability of poly-
meric composites.
In this study, we present the effect of carbon nanotubes




The objects of studies were rubbers:
• acrylic rubber (ACR), trade mark Vamac DP from
DuPont, Mooney Viscosity, ML (1 ? 4 at 100 C) 22,
• butadiene-styrene rubber (SBR), trade mark KER 1500
from Synthos, Mooney Viscosity, ML (1 ? 4 at
100 C) 45–55.
The rubbers under investigation were cross-linked by
means of dicumyl peroxide (DCP) in a quantity of 1 part by
mass of DCP/100 parts of rubber.
The following were used as fillers of elastomeric blends:
• multi-wall carbon nanotubes (MWCNTs), made by
Cheap Tubes Inc., with a diameter of 8–15 nm, length
of 10–50 lm and specific surface above 110 m2 g-1,
• aminated graphene nanolayers from Cheap Tubes Inc.,
with a purity of 99 %, diameter of 1–2 lm, thickness
below 3 nm and specific surface over 700 m2 g-1.
Carbon nanotubes were incorporated into the rubber
matrix in quantities of 5, 10 and 20 parts by mass, while
graphene in amounts of 10 and 20 parts by mass.
For comparison purposes, the rubbers investigated were
also filled with graphite in quantities of 10 and 20 parts by
mass.
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Methods
Preparation of elastomeric mixtures
Elastomeric blends were prepared at room temperature
with the use of a laboratory rolling mill (D = 150 mm and
L = 300 mm). The rotational speed of the front roll was
20 rpm, friction 1.1.
Vulcanization of elastomeric blends
The elastomeric blends were vulcanized in steel molds
placed between electrically heated press shelves. The
optimal vulcanization time (s0,9) at a temperature of
160 C was determined by means of a WG-2 vulcameter
according to PN-ISO 3417:1994.
Analysis of filler dispersion in vulcanizates
Optic analysis The analysis of filler dispersion in vul-
canizates was performed by means of a DisperTester
3000 microscope according to standard ISO 11345:2006.
The measurement principle consists in recording, by
means of a camera with a high definition, the light
reflected from the surface of agglomerates present on the
surface of the sample cross sections tested. The micro-
scope software determines the size of aggregates within
the range 1–10 lm (jump every 1 lm) and within the
range 10–100 lm (jump every 10 lm). The analysis of
light reflected from the surface of sample cross sections
also provides information about the number of aggregates

















































































Scheme 1 Preparation of
functionalized graphene sheets
from graphite
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AFM analysis AFM (atomic force microscope) mea-
surements were taken by means of Metrology Series 2000,
Molecular Imaging (USA) apparatus. Imaging was carried
out with the use of a scanning siliceous head with conical
shape (dilation angle \20) and height about 15–20 lm
operating in oscillatory mode with a resonance frequency
of about 170 kHz. Samples for measurements were vul-
canized in a steel mold. A glass plate was placed in the
mold to obtain a low coarseness of vulcanizate surface.
Before placing in the mold, the glass plate surface was
rinsed with acetone and dried in air jet to degrease it and
remove impurities.
The image analysis was performed by means of the
WS 9 M program worked out and made available by
Horcas et al. [31].
Thermal analysis
Thermal analysis of fillers:
The thermal properties of the fillers were tested under
air within the temperature range of 25–800 C by means of
a MOM derivatograph (Budapest), using Al2O3 as a ref-
erence substance. Weighed portions were 90 mg each,
heating rate was 7.9 C min-1, and the sensitivities of
thermal curves were as follows: TG = 100, DTA = 1/5,
DTG = 1/30.
Thermal analysis of nanocomposites:
The thermal properties of the nanocomposites were
tested under air and nitrogen gas at temperatures ranging
from 25 to 700 C, with the use of a Jupiter STA 449 F3
thermal analyzer from Netzsch Company. Weighed por-
tions amounted to 5–10 mg. Samples were analyzed with
heating rates 2, 5, 10, 15 C min-1.
Thermal analysis under nitrogen at -120 to 500 C of
both the rubber and its cross-linked blends was performed
by means of differential scanning calorimetry, using a
DSC-204 thermal analyzer from Netzsch Company, and
weighed portions from 5 to 7 mg and a heating rate of
10 C min-1.
Determination of activation energy of decomposition
investigated composites
The analysis is based on the Flynn–Wall–Ozawa method.
This isoconversional integral method, suggested indepen-
dently by Flynn and Wall and Ozawa, uses Doyle’s
approximation of the temperature integral. This method is
based on the equation [32–35]:
log b ¼ log AE
RgðaÞ  2:315 
0:457E
RT
where b is the heating rate C min-1; A the pre-exponential
factor; E activation energy of decomposition in kJ mol-1;
R the universal gas constant; a the degree of conversion;
T the absolute temperature to reach the conversion, and
g(a) the integrated form of kinetic model f(a) conversion
function.






Thus, at a constant conversion (a = const.), the plot logb
versus (1/T), obtained from a series of experiments per-
formed at several heating rates, should be a straight line






To apply this isoconversional method, heating rates of 2, 5,
10 and 15 C min-1 were chosen. In this study, the con-
version values of 10, 20, 30, 40, 50, 60, 70, 80 and 90 %
have been used, which would give a values 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, respectively, for the Flynn–
Wall–Ozawa method.
Flammability test
Flammability tests were carried out with the use of a micro-
calorimeter from Testing Technology Limited [36].
Pyrolyzer temperature was 750 C, and that of com-
bustor 900 C. During the measurements, the following
parameters were recorded: ignition temperature (Tz),
maximal heat release rate (HRRMAX), total heat release
(THR), heat capacity (HRC) and percent of oxygen con-
sumption (OC) during combustion.
A sample was heated with the rate 1 C min-1 using a
linear temperature program, and the volatile decomposition
products were carried off from the pyrolyzer chamber by
means of inert gas and combined with excess oxygen in a
tube oven at the flame temperature to force flameless total
combustion (oxidation) of the fuel. Combustion products:
CO2, H2O and acidic gases, were removed from the gas
stream, and the heat release rate was calculated on the basis
of measured intensity of their flow and oxygen concen-
tration after the correction of flow dispersion. The maximal
heat released rate, standardized in relation to the initial
sample mass and heat ratio, was determined with the
material flammability parameter determined with the unit
of released heat capacity (J g-1 K-1) that depends exclu-
sively on the sample chemical composition and is propor-
tional to the material combustion rate during fire.
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Comparatively, the composites were tested with the use
of a cone calorimeter from Fire Testing Technology Lim-
ited. Nanocomposites samples with dimensions
(100 9 100 ± 1) mm and a thickness of (20 ± 0,5) mm
were tested in a horizontal position, with a density of heat
radiation flux amounting to 35 kW m-2.
Mechanical properties
Tensile strength properties were determined according to
the standard PN-ISO 37:1998 by means of a Zwick tensile
tester, model 1435, linked to an appropriate PC software.
Samples for testing were in the shape of dumbbell with a
measurement section width of 4 mm and thickness
1 ± 0.001 mm.
Results
Morphology of surface
One of the basic difficulties in dispersing filler nanoparticles
in the polymeric matrix is the high viscosity and low surface
energy. The homogeneous dispersion of both graphene
flakes and carbon nanotubes is of essential importance from
the point of view of the nanocomposites properties.
Graphene is prepared from graphite by its oxidation to
graphene oxide, usually with the use of the extremely
effective method of Hummers [37]. The reduction of
graphene oxide is carried out by means of chemical,
thermal or photochemical processes. One should, how-
ever, take into account the fact that the reduction of
dispersed graphene oxide in organic solvents without any
stabilizers, by means of reverse aggregation of graphene
flakes, results in graphite precipitation. Therefore, before
the reduction process, grapheme oxide is subjected to
processes of non-conventional functionalization or more
often to chemical covalent modification. Covalent modi-
fication concerns the edges of graphene flakes or their
external surfaces and is connected with rehybridization of
one or more carbon atoms (hybridization change from sp2
to sp3). The covalent modification of graphene can be
performed by means of the following reactions: nucle-
ophilic substitution, electrophilic addition or condensation
or addition.
In industrial practice, most frequently, the nucleophilic
substitution process is used where epoxy groups added to
graphene oxide are used. The free electron pair on nitrogen
atom of appropriate amine reagent attacks the epoxy
groups added to graphene oxide. Contrary to other pro-
cesses, the reaction mentioned above proceeds very easily
at room temperature (Scheme 1).
Fig. 1 AFM pictures of
composites of ACR rubber
containing unmodified graphite
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As shown by the results obtained by AFM method, the
presence of amine groups and a low number of hydroxyl
groups added to the surface of graphene flakes decisively
improve their dispersion in polar acrylic rubber and, con-
sequently, prevent their resultant aggregation to graphite
(Figs. 1, 2).
The analysis of filler dispersion in acrylic rubber with
the use of a light microscope confirms that an average size
of aggregates in the matrix of the rubber tested practically
does not exceed 10 lm (Fig. 3). Similar relations were
obtained for SBR.
Compared to aminated graphene, unmodified graphite
decisively more difficult disperses in the ACR rubber
matrix. Unmodified graphite makes considerable greater
aggregates in relation of modified graphene in ACR matrix
(Figs. 1, 2, 3).
It should be also taken into account that the amination of
graphene to considerably less extent reduces its suscepti-
bility to aggregation in the matrix of nonpolar SBR than in
the matrix of ACR (Fig. 4).
Based on the AFM pictures obtained, one can also
conclude that MWCNTs are also decisively more effec-
tively dispersed in ACR (Fig. 5) than in SBR (Fig. 6).
From the source literature it follows that in the case of
flexible polymer chains with bulky and aromatic side
groups e.g. SBR the interactions of the p–p polymer-
nanofiller type result in an intensive wrapping of CNTs
around the polymeric chain, which facilitates the aggre-
gation of filler.
In the case of polymers with a rigid chain, e.g., those
possessing aliphatic side substituents (ACR), interactions
of this type are of no greater significance [38].
Thermal properties of nanocomposites
The thermal analysis under air of the carbon nanofillers
shows that the beginning of thermal decomposition of
Fig. 2 AFM pictures of












The dimension of filler aggregates in the polymer matrix
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Fig. 3 Optic analysis of composites and nanocomposites of ACR
rubber
2388 P. Rybin´ski et al.
123
graphene occurs at T = 200 C (Fig. 7), while that of
MWCNTs at T = 250 C (Fig. 8). A low mass loss of
graphene at DT = 200–500 C and that of CNTs at
DT = 250–450 C are connected with the combustion of
carbon adsorbed on the nanofiller surface, release of
chemically combined water and desorption of low molec-
ular products, i.e., chemically active atoms of oxygen,
sulfur and nitrogen. The thermal decomposition of gra-
phene and carbon nanotubes caused by their combustion
begins at 590 and 470 C, respectively, thus beyond the
thermal decomposition area of most elastomers. Both
graphene and carbon nanotubes are completely burned as
confirmed by the exothermal peak recorded in the DTA
curve at T = 720 C for graphene and at T = 570 C for
CNTs (Figs. 7, 8).
The addition of fillers does not change the character of
thermal processes of the cross-linked ACR and SBR, but it
causes a distinct increase in its thermal stability determined
by parameters T5 and T50 (Table 1).
In the case of nanocomposites of acrylic rubber con-
taining graphene, ACR G20, parameter T5 increased by
about 70 C in relation to the unfilled vulcanizate, ACR
Fig. 4 a, b AFM pictures of
nanocomposites of SBR rubber
containing functionalized
graphene
Fig. 5 AFM pictures of nanocomposites of ACR rubber containing CNTs
Fig. 6 AFM pictures of nanocomposites of SBR rubber containing CNTs
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DCP. In the case of nanocomposite of SBR G20, the
increase in parameter T5 amounts approximately to 100 C
in relation to unfilled vulcanizate, SBR DCP. A consider-
able increase in parameter T5 is also recorded for
nanocomposites ACR and SBR containing carbon
nanotubes.
Under the influence of the nanofillers used, the tem-
perature of the maximal rate of nanocomposite decompo-
sition (TRMAX) is shifted toward higher temperatures.
A very important parameter of thermal stability of
elastomeric material, from the point of view of their
flammability, is the thermal decomposition rate, dm/dt.
Regardless of the chemical structure of macromolecule,
the carbon nanofillers used cause a considerable reduction
in the thermal decomposition rate, dm/dt, of the
nanocomposites under investigation. It results from the
mechanism of mutual elastomer–filler interaction. This
mechanism is very complex and has not been yet ade-
quately explained [39].
A considerable reduction in the thermal decomposition
rate of the nanocomposites tested in relation to unfilled
vulcanizates, ACRDCP and SBRDCP, is due to the
decreased segmental mobility of polymeric chains around
the particles of nanofiller, which reduces the amplitude of
thermal vibration and consequently the processes of ther-
mal degradation and destruction of nanocomposites
(Table 2).
Definitely lower values of parameter dm/dt of vulcan-
izates filled with graphene compared to those of the
vulcanizates filled with carbon nanotubes are connected
with the decisively higher specific surface of graphene
flakes in relation to that of CNTs (Table 1).
Graphene and carbon nanotubes, on account of their
honeycomb structure composed of condensed aromatic
rings, are perfect scavengers of free radicals. Nowadays, it
is assumed that aromatic rings constitute a reactive spot for
trapping free macro-radicals formed by thermo-oxidative
processes of thermal degradation and destruction of elas-
tomers [40] (Table 2).
An increase in the activation energy of destruction and
decrease in parameter dm/dt of elastomeric nanocompos-
ites in relation to unfilled vulcanizates indicate that both
graphene and CNTs inhibit free radical reactions, increas-
ing at the same time the probability of the recombination of
primary macro-radicals through the prolongation of their
dwell time in the cage (Tables 1, 2; Figs. 9a, b, 10a, b).
One of the basic parameters of the thermal stability of
elastomers and elastomeric materials is the residue after
their thermal decomposition (Pw). It exerts a significant
influence on the flammability of nanocomposites. An
increase in this parameter causes that the amount of flam-
mable and nonflammable products of destruction passing to
flame is lower. The presence of both graphene and CNTs in
ACR as well as SBR nanocomposites distinctly increases
the value of parameter Pw (Table 1).
An extremely significant parameter of thermal stability
from the point of view of fire hazard or flammability under




























Fig. 7 Thermal curves of functionalized graphene


























Fig. 8 Thermal curves of CNTs
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is parameter P650. Regardless of the macromolecule struc-
ture, the value of this parameter for nanocomposites filled
with graphene is almost ten times higher than that for unfilled
vulcanizates. This allows one to state that at this temperature,
the boundary layer formed previously still fulfills its role. In
the case of nanocomposites containing MWCNTs, parame-
ter P650 assumes low values, which indicates a complete
combustion of the residue after thermal decomposition at
DT = 550–620 C (Table 1; Fig. 11).
The thermal analysis of composites and nanocomposites
was also performed in the atmosphere of nitrogen. From
the DSC curves of the vulcanizates investigated, it follows
that regardless of the macromolecule structure the addition
of modified graphene or CNTs increases the glass transition
temperature, Tg, of cross-linked rubbers, which is due to
the nanofiller–rubber interaction (Table 3).
Flammability of nanocomposites
The increase in the thermal stability of nanocomposites
under the influence of incorporated nanoadditives is
accompanied by the reduction in their flammability. From
the comparative analysis of the results obtained by
calorimetry, it follows that the flammability of nanocom-
posites of both ACR and SBR rubber is definitely lower
than that of unfilled elastomers, as confirmed by parameters
HRRMAX, THR or HRC (Table 4).
In the case of flammability of elastomeric nanocom-
posites containing carbon nanofillers, the formation of a
homogeneous, isolating boundary layer without visible
cracks and crevices has an essential influence on the
reduction in their flammability.
The isolating properties of boundary layer directly depend
on the type of polymer, nanofiller quantity, as well as the
degree of its dispersion in the polymeric matrix. Too low
quantity of nanofiller, as well as its non-homogeneous distri-
bution in the polymeric matrix causes that during the thermal
decomposition of nanocomposite, the destruction products
with a relatively low viscosity, formed in its mass, easily get
onto the surface of sample by convection. Under the influence
of high temperature of the boundary layer, liquid destruction
products form quickly growing blisters that moving apart
nanofiller particles, lead to the formation of the so-called
nanofiller islets that do not provide a sufficient protection
against the external heat source (Fig. 12c) [41].
The incorporation of graphene or CNTs in opposite to
graphite, with a specified critical concentration into rub-
bers, as well as their homogeneous distribution in the
elastomeric matrix, results in the formation of an internal
3D filler network by means of mutual filler–filler interac-
tions. This network is responsible for both the increase in
the viscosity of liquid destruction product and the reduction
in the rate of their diffusion onto surface, which results in
the formation of small blisters that do not destructively
Table 1 Thermal properties of nanocomposites
Sample T5/C T50/C TR/C TRMAX/C dm/dt/% min-1 Pw/% DTS/C P650/%
ACR DCP 313 429 385 423 13.7 18.3 485–560 3.10
ACR G10 373 445 372 428 9.18 34.3 487–552 19.82
ACR G20 381 465 381 449 9.50 40.4 495–565 31.3
ACR CNT5 362 450 380 450 13.2 20.4 485–560 4.88
ACR CNT10 365 448 390 446 11.9 27.7 495–555 3.95
ACR CNT20 352 448 390 442 9.86 33.9 485–525 1.01
SBR DCP 304 445 413 446 22.5 17.1 495–595 0.1
SBR G10 400 456 410 452 15.5 30.4 495–585 13.5
SBR G20 404 455 411 450 12.7 27.1 495–580 11.6
SBR CNT5 392 455 415 453 15.6 16.1 495–550 1.37
SBR CNT10 317 456 415 463 11.7 21.9 498–550 1.59
SBR CNT20 330 460 410 461 12.4 24.4 550–550 1.08
T5; T50—temperatures of sample 5 and 50 % mass loss, respectively; TR—temperature of thermal decomposition; TRMAX—temperature of
maximum rate of thermal decomposition of nanocomposites, dm/dt—maximum rate of thermal decomposition of nanocomposites; Pw—residue
after the thermal decomposition of nanocomposites; DTS—temperature range of residue burning after the thermal decomposition of
nanocomposites; P650—residue after heating to 650 C
Table 2 Values of energy activation destruction of nanocomposites
Sample Average Ea/kJ mol
-1
ACR DCP 129.5 ± 1.0
ACR G20 209.6 ± 1.0
ACR CNT20 187.5 ± 1.0
SBR DCP 191.1 ± 1.5
SBR G20 210.5 ± 1.5
SBR CNT20 197.2 ± 1.5
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influence the isolating character of the boundary layer
being formed during the combustion of nanocomposite.
Graphene and MWCNTs are characterized by a high
value of the heat conductivity parameter amounting to from
4.84 9 103 to 5.30 9 103 W m-1 K-1 [42] and
2 9 103 W m-1 K-1 [43], respectively. From the review
of source literature, it follows that the incorporation of
carbon nanofillers, especially graphene into the polymeric
matrix, distinctly increases the value of heat conductivity
of nanocomposites, which facilitates the reduction in their
flammability. The heat reaching the sample surface is
transferred to its interior, which decreases the temperature
of the sample surface, resulting in a reduction in the effi-
ciency of thermo-oxidative processes, quantity of gases and
liquid products of thermal decomposition, and conse-
quently the retardation of ignition [44].
The isolating character of the boundary layer formed is
confirmed not only by the value of parameter HRRmax
(maximum heat release rate) decreasing under the influence
of nanofillers (Figs. 13, 15), but also by the parameter of
oxygen consumption (OC) (Figs. 14, 16).
As follows from the test results obtained, the lowest val-
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Fig. 9 a Thermal curves of ACRDCP vulcanizates; b relation of
value of Ea parameter of ACR composites from the degree of its
thermal decomposition
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Fig. 10 a Thermal curves of SBRDCP vulcanizates; b relation of
value of Ea parameter of SBR composites from the degree of its
thermal decomposition
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nanocomposites of ACR and SBR containing graphene in a
quantity of 20 parts by mass. Undoubtedly, a great effect on
the isolating character of the boundary layer is also exerted by
the large specific surface of graphene exceeding 700 m2 g-1,
which causes that graphene also fulfills the function of an
absorbing agent of the gaseous products of elastomer thermal
decomposition passing to the combustion zone.
Mechanical properties
From the point of view of the functional properties of
elastomeric materials, their mechanical properties play an
important part. The properties of elastomeric composites as
structural materials depend on the physicochemical
parameters of their components, but first of all on the size
of contact between the continuous phase of polymer and
the dispersed phase of filler as well as the character of
Fig. 12 Photographs of residues from combustion (cone calorimeter). a ACR G20; b ACR CNT20; c ACR graphite 20
Table 3 DSC results (nitrogen atmosphere) of nanocomposites of
ACR and SBR rubbers
Sample Tg/C cooling Tg/C heating
ACRDCP -45.3 -40.7
ACR G20 -27.4 -22.7
ACR CNT20 -21.5 -21.5
SBRDCP -50.4 -42.2
SBR G20 -45.5 -39.8
SBR CNT20 -45.5 -40.3
Table 4 Flammability of nanocomposites of ACR and SBR rubbers
Sample HRRMAX/W g
-1 THRRMAX/C THR/kJ g-1 HRC/J g-1 K-1 OC/%
ACR DCP 765.6 457 51.2 764 53.5
ACR G10 705.5 454 33.8 652 35.8
ACR G20 560.7 642 28.3 556 30.2
ACR CNT5 657.6 462 34.9 654 37.4
ACR CNT10 635.1 459 29.7 604 38.0
ACR CNT20 613.5 456 29.4 639 31.5
SBR DCP 838.4 476 65.6 817 74.3
SBR G10 677.1 473 57.5 677 41.2
SBR G20 620 470 52.6 609 35.0
SBR CNT5 806 467 59.6 787 46.1
SBR CNT10 760 471 59.3 741 42.1
SBR CNT20 673.1 465 49.9 665 35.4
HRRMAX maximum heat release rate, THRRMAX temperature of max heat release rate, THR total heat release rate, HRC heat capacity, OC
oxygen consumption



























Fig. 13 HRR curves of nanocomposites of ACR rubber
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interfacial interactions. The mechanical properties of
unfilled vulcanizates of ACR and SBR and their
nanocomposites are listed in Table 5. Based on the test
results obtained, it may be concluded that graphene
homogeneously dispersed in the polymeric matrix consid-
erably increases the value of the breaking force of the
nanocomposite. The value of the breaking force of ACR
G20 nanocomposite is higher by 217 % than that of
unfilled vulcanizate, ACR DCP (Table 5). Also the
nanocomposites of SBR G20 are characterized by the
breaking force that is higher by more than 300 % compared
to that of unfilled vulcanizate of SBR DCP. The incorpo-
ration of carbon nanotubes to the matrix of the nanocom-
posites obtained also considerably improves their
mechanical parameters. In the case of MWCNTs, besides a
considerable increase in breaking force, there is recorded a
decided increase in the elongation at break, which directly
indicates a considerable increase in the rigidity of material
expressed with Young modulus.
Conclusions
The use of graphene or carbon nanotubes as effective
flame-retardant agents for elastomeric nanocomposites
depends to a large extent on the degree of their dispersion
in the polymeric matrix.




























Fig. 16 Oxygen consumption during combustion of investigated
nanocomposites of SBR rubber




























Fig. 14 Oxygen consumption during combustion of investigated
nanocomposites of ACR rubber




























Fig. 15 HRR curves of nanocomposites of SBR rubber
Table 5 Mechanical properties of nanocomposites of ACR and SBR
rubbers
Sample SE/MPa TSb/MPa Eb/%
100 % 200 % 300 %
ACR DCP 0.445 0.541 0.633 2.49 841.4
ACR G10 0.912 1.47 2.18 7.63 1018.8
ACR G20 2.21 4.21 5.62 7.91 833.9
ACR CNT5 1.04 1.36 1.69 5.40 1048.6
ACR CNT10 2.48 3.64 4.59 7.58 849.5
ACR CNT20 5.69 7.20 7.47 7.54 278.3
SBR DCP 1.29 – – 1.40 107.9
SBR G10 1.74 3.11 – 3.30 189.9
SBR G20 2.62 5.10 – 5.65 231.0
SBR CNT5 1.58 2.95 – 3.04 198.4
SBR CNT10 1.77 3.22 – 3.92 235.7
SBR CNT20 2.55 4.50 7.14 7.10 297.5
TSb—tension strength, Eb—elongation at break
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The addition of graphene or MWCNTs does not change
the character of thermal processes of cross-linked ACR or
SBR, but it causes a distinct increase in their thermal sta-
bility determined by parameters T5 and T50.
The increase in the activation energy of destruction and
decrease in the value of parameter of elastomeric
nanocomposites, in relation to unfilled vulcanizates, indi-
cates that both graphene and CNTs inhibit free radical
reactions, increasing at the same time the probability of the
primary macro-radical recombination through the prolon-
gation of their dwell time in the cage.
The increase in the thermal stability of the nanocom-
posites investigated under the influence of the nanoaddi-
tives incorporated is accompanied by a reduction in their
flammability.
The presence of graphene as well as CNTs distinctly
increases the value of parameter Pw, both in the case of the
nanocomposites of ACR and SBR, which causes that the
quantity of flammable and nonflammable products of
destruction passing to flame is lower.
Carbon fillers, well dispersed in the elastomer matrix,
protect the polymer against the external flux of thermal
radiation. The homogeneous carbon layer formed on the
sample surface under combustion acts as a thermal shield
reflecting heat radiation and consequently inhibiting the
degradation and destruction of the polymer.
The nanoadditives used distinctly improve the
mechanical properties of nanocomposites containing them.
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